The causes underlying disjunct distributions are of major importance in biogeography.
INTRODUCTION
Arcto-Tertiary relict animals and plants, with distributions in both the Palearctic and Nearctic regions, constitute important elements of the present biodiversity of the temperate northern hemisphere (Tiffney, 1985; Wen, 1999; Milne & Abbott, 2002) . Typically, Arcto-Tertiary relict organisms show disjunct distributions between eastern Asia and the Nearctic (e.g., Milne, 2006) . During the Paleogene and Neogene (ca. 66-2.6 MYA), when the climate was temperate, ancestors of Arcto-Tertiary organisms were widely distributed continuously throughout the northern hemisphere. The Bering Landbridge, or Beringia ( Fig.   1 ), is generally considered to be the main dispersal pathway of Arcto-Tertiary organisms between Asia and the Nearctic. In the Quaternary (2.5 MYA to present), due to the radical climate cooling and glaciation, the distribution of these organisms shifted to low latitude areas, causing the present disjunct distributional patterns for taxa limited to temperate regions.
This scenario for the origins of the Arcto-Tertiary biota, first constructed based on phytogeographic studies (e.g., Chaney, 1947) , is widely accepted. Definitive support for this traditional view was provided recently using molecular phylogenetic and biogeographical analyses of blue butterflies (Vila et al., 2011) .
The North Atlantic Land Bridge (NALB: Fig. 1 ) is another potential gateway connecting the Palearctic and Nearctic regions. The NALB is usually thought to be less important in generating modern distributional patterns, because Arcto-Tertiary relict organisms are typically distributed in eastern Asia, not Europe (Fig. 1 ). In addition, the NALB is thought to have disappeared in the Paleogene (~ 30 MYA), whereas the Bering land bridge is thought to have remained until the late Neogene (~ 3 MYA). However, some recent studies have cast doubt on this traditional assumption (e.g., Sanmartín, Enghoff & Ronquist, 2001; Milne, 2006) . For example, the extant species of the relict nymphomyiid flies are known only from eastern Asia and the Nearctic as is typically the case for Arcto-Tertiary relicts. However, the discovery of a fossil nymphomyiid fly species from Baltic (European) amber and its closer relatedness to the Nearctic species (Wagner, Hoffeins & Hoffeins, 2000) show the potential importance of the NALB gateway. Furthermore, new paleobotanical evidence strongly suggests that NALB may have remained as a connection much longer than previously thought, possibly up until the mid Neogene (6 MYA: Denk, Grimsson & Zetter, 2010; Denk et al., 2011) . Further biogeographic studies of Arcto-Tertiary relict taxa based on reliable phylogenies are needed to understand the historical backgrounds of transcontinental disjunct distributions.
Barklice, also known as psocids or "Psocoptera", are free-living insects belonging to the order Psocodea. These small to mid-sized insects (ca. 1-10 mm in length) inhabit a wide range of habitats, such as tree trunks or twigs, stone surfaces, living or dead foliage, or leaf litter. The genus Trichadenotecnum (Psocidae) is one of the most species-rich genera of barklice, containing about 200 species (Lienhard & Smithers, 2002; Lienhard, 2003 Lienhard, -2016 .
Members of this genus inhabit tree trunks, twigs, or stone surfaces and feed on lichens. The genus Trichadenotecnum has a worldwide distribution, but there are two widely disjunct areas of high species diversity: in Southeast to eastern Asia (ca. 150 species: Yoshizawa et al, 2014; Yoshizawa & Lienhard, 2015a, b) The date of the formation of the Isthmus is also a recently debated subject (Montes et al., 2015; O'Dea et al., 2016) , for which dating the origins of South American Trichadenotecnum is relevant.
In the present study, we estimated the global phylogeny of the genus Trichadenotecnum based on five gene markers from both nuclear and mitochondrial genomes.
The samples included almost all species groups recognized to date, and the sampled areas cover almost the entire distributional range of the genus. Based on the resulting phylogeny of this genus, we conducted divergence dating and biogeographical analyses to elucidate the historical context of the present distributional pattern of Trichadenotecnum.
MATERIALS AND METHODS

Phylogenetic and Divergence Time Estimation
Samples used in this study were freshly killed and stored in 80% or 95% ethanol.
Partial sequences of the nuclear 18S rRNA and Histone 3 and mitochondrial 16S rRNA, 12S rRNA, and COI genes were used for analyses. Methods for DNA extraction, PCR amplification, sequencing and alignment followed Yoshizawa & Johnson (2010) . The aligned data set is available as Appendix S1-2. Sequences obtained from the New World Trichadenotecnum species (Table 1) were appended to the data matrix of the Old World Trichadenotecnum generated by Yoshizawa, Yao & Lienhard (2016) . Most of the New World specimens were females and thus could not be identified to species. An additional newly obtained sample from the Afrotropical region (a female specimen from the United Arab Emirates) was also included. In addition, several outgroup sequences were also included to provide calibration points for the tree as follows: more distant outgroups Using the aligned data set, maximum-likelihood (ML) and Bayesian analyses were conducted. We combined all datasets into a single matrix and analyzed them simultaneously (Yoshizawa & Johnson, 2008) . The best fit model for the ML analysis was estimated using the hierarchical likelihood ratio test (hLRT) as implemented in jModelTest 2.1.1 (Posada, 2008 ). The best model was selected based on a BioNJ tree. As a result, the GTR+Gamma+Invariable site model was selected (parameters described in Appendix S1).
ML tree searches were conducted using PAUP* 4b149 (Swofford 2002). BioNJ, IQ-TREE (Nguyen et al., 2015) , and Bayesian trees were used as starting trees, and TBR branch swapping was conducted. The most likely tree was found when the Bayesian tree was designated as the starting tree. Ultrafast likelihood bootstrap (Minh, Nguyen & von Haeseler, 2013 ) was performed using IQ-TREE 1.4.3 with 1000 replicates.
We used MrBayes 3.2.1 (Ronquist & Huelsenbeck, 2003) for Bayesian analyses. Data were subdivided into nine categories (18S, 16S, 12S, and first, second, and third codon positions of both Histone 3 and COI), and the substitution models were estimated separately for each category using hLRT as implemented in MrModeltest 2.3 (Nylander 2004). Settings for Bayesian analyses are described in Appendix S1. We performed two runs each with four chains for 30 million generations and trees were sampled every 1000 generations. The first 50% of the sampled trees were excluded as burn-in, and a 50% majority consensus tree was computed to estimate posterior probabilities.
For divergence date estimation, a Bayesian method was adopted using the software MCMCtree in the PAML 4.8 software package (Yang, 2007) . First, we estimated the substitution rate prior using the divergence date 7.1 MYA for the Hawaiian Ptycta (Bess et al., 2013) . Based on the result, a gamma prior for the substitution rate was set. The GTR+G model was adopted with an alpha = 0.6, which was a close approximation of the best substitution model estimated by jModeltest. We performed a run for 100000 generations, and the values were sampled every 50 generations. The first 50% of the obtained values were excluded for burn-in. For dating analysis, two calibration points (minimum 33.9 MYA for Psocidae-Myopsocidae based on the oldest fossil species of Psocidae, Psocidus multiplex (Roesler, 1943) ; 4.7-10.05 MYA for basal divergence of Ptycta based on the previous estimation) were selected (Fig. 2) . A fossil species of Trichadenotecnum, T. trigonoscenea (Enderlein, 1911) , is known from Oligocene (34-23 MYA) but, judging from its original description and subsequent redescription (Enderlein, 1911 (Enderlein, , 1929 , its assignment to
Trichadenotecnum cannot be justified. Therefore, this record was not used for tree calibration.
In addition, we also performed a phylogenetic analysis of seven samples of the alexanderae group. Only the COI gene was used for this separate analysis for the following reasons: 1) samples from two localities (Shikoku and Tsushima) were only available as old specimens for which amplification of other genes failed; 2) all samples are nearly genetically identical and almost no variation can be found in other genes; 3) only the COI gene contained sufficient variation and was able to provide enough resolution with high confidence. The substitution model for this analysis was determined using jModeltest. An ML analysis with an exhaustive tree search was performed using PAUP (Appendix S2). This tree was rooted by the alinguum group.
Biogeographical Analysis
Ancestral area reconstruction was performed using the ML tree.
Non-Trichadenotecnum samples were excluded from the analysis. We used (Fig. 1) . The maximum number of areas allowed for ancestral distributions at each node was set to two, mirroring the current distribution of species. The biogeographical region coding of each sample was based on the known distributional range of the species. The only exception was T. circularoides, which is a parthenogenetic species known to have been introduced to multiple regions recently (Yoshizawa, 2004) . Its bisexual sister species (T.
gonzalezi: not sampled in the present study), and also their close relatives, are only distributed in South America (Yoshizawa et al., 2008) . Therefore, South America was coded for T. circularoides.
Ancestral area reconstruction was performed separately for the alexanderae group (Fig. 1 ). We used a likelihood-based StochChar module as implemented in Mesquite (Maddison & Maddison, 2016) for the ancestral area estimation of the alexanderae group because Lagrange analysis requires a fully bifurcating tree and the tree of the alexanderae group contained polytomies.
RESULTS
The aligned data set consisted of 447 bp of 18S, 327 bp of Histone 3, 455 bp (with four excluded characters) of 16S, 351 bp (with five excluded characters) of 12S, and 352 bp of CO1. The phylogenetic analyses of the combined data provided well resolved trees. ML (Fig. 2) and Bayesian trees were highly concordant, except for the arrangement of some shallow and weakly supported branches, which do not affect the final conclusions of this study. The tree was concordant with the phylogeny estimated for the Old World Trichadenotecnum (Yoshizawa et al., 2016) and also relatively concordant with the morphology-based tree (Yoshizawa et al., 2008) .
The New World species of Trichadenotecnum were divided into three clades (Fig. 2) , as also recovered using morphological data (Yoshizawa et al., 2008) . The first clade was composed of the circularoides + roesleri groups (referred to as the NT [Neotropical] clade hereafter because they are exclusively distributed in the Neotropical Region: Fig. 2 ), small species groups containing three and four species, respectively. The monophyly of the NT clade was strongly supported (98% bootstrap [BS] and 100% posterior probability [PP] ). This clade was estimated to have diverged from other Trichadenotecnum around 27 million years ago (MYA: Fig. 3 ). Monophyly of a group comprising the remainder of Trichadenotecnum was fairly well supported (52% BS, 100% PP) (Fig. 2) . The divergence date of two groups of the NT clade was estimated as 19 MYA (Fig. 3) , and their ancestral area was estimated as Central (F) to South America (G) (Fig. 4 ; Appendix S3).
The second clade was composed of the slossonae + chiapense + quaesitum + concinnum + desolatum groups distributed in North, Central, and South America (referred to as the NCS clade: corresponding the New World bulky clade sensu Yoshizawa et al., 2008: Fig. 2 ). This highly diverse clade was strongly supported as monophyletic (99% BS, 100% PP). The sister group of the NCS clade was not identified with confidence. The divergence date between the NCS clade and other lineages was estimated at 19 MYA (Fig. 3) , and the basal divergence within the NCS clade was estimated at 17 MYA (Fig. 3) . The ancestral area of the NCS clade was estimated to be North to Central America (EF), and that of the NCS plus its sister clade was estimated as eastern Palearctic to North America (CE) or eastern Eurasia (CD) (Fig. 4 ; Appendix S3). Contrary to morphological analysis (Yoshizawa et al., 2008) , the slossonae group was identified as the sister of the remaining members of the NCS clade. Monophyly of the chiapense + quaesitum + concinum groups was strongly supported (100% BS, PP), and this clade was confidently placed sister to the desolatum group (98% BS, 100% PP) (Fig. 2) .
The third clade was the alexanderae group from Japan and North America. This clade is composed of a species complex containing T. alexanderae and sibling parthenogenetic species (100% BS, PP). This clade was placed sister to the alinguum group with fairly strong support values (82% BS, 95% PP) (Fig. 2) . The estimated divergence time between these two groups was 15 MYA (Fig. 3) , and their ancestral distributional area was most likely Eastern Palearctic (C) and/or Oriental (D) (Fig. 4 ; Appendix S3). The divergence date between two alexanderae clades was estimated at 0.9 MYA (Fig. 3) , and their ancestral area was estimated as eastern Palearctic plus North America (CE) (Fig. 4) .
A separate phylogenetic analysis for the alexanderae group identified two clades, with their uncorrected P-distance of the COI gene = 0.0171-0.0257 (Fig. 5) . Both clades contained Japanese and USA samples and, in one case, the samples from the two different regions (Honshu.369 and KPJ-2003) showed an identical haplotype.
DISCUSSION
The molecular phylogeny indicates that New World Trichadenotecnum form three separate clades within the genus (Figs 1-2) , with the remaining taxa distributed in the Old World. Two alternative hypotheses, vicariance or dispersal, could potentially explain this transcontinental distribution. Of them, the Gondwanan vicariance hypothesis is unlikely because the origin of Trichadenotecnum (27 MYA) (Fig. 3) Ancestral area reconstruction suggests that eastern Eurasia (CD) or the eastern Palearctic + North America (CE) was the ancestral distributional area of the ancestor of the NCS clade + sister taxa ( Fig. 4 ; Appendix S3). The exact sister taxon of the NCS clade is still ambiguous (Fig. 2) , and the possibility that the kruciliense group is sister to the NCS clade cannot be ruled out (Fig. 2) . However, the eastern Palearctic + North America regions (CE) were identified as the most likely ancestral area even if the kruciliense group was designated to be the sister of the NCS clade (Appendix S4). Therefore, Beringia seems to be the most likely dispersal route for the ancestor of the NCS clade. The NT clade is sister to all other Trichadenotecnum, though the sister taxon of Trichadenotecnum has not been identified with confidence (Yoshizawa & Johnson, 2008; Yoshizawa et al., 2016) . Thus, although the eastern Palearctic + North America regions (CE) were estimated as the most likely distributional area of the common ancestor of Trichadenotecnum, it remains possible that including comprehensive outgroup sampling that identifies the sister taxon of Trichadenotecnum could change this result. In addition, the current analysis cannot identify the direction of dispersal.
The biogeographical analysis strongly suggested that the ancestors of both New World NT and NCS clades first occurred in North America (E) (Fig. 4) . However, the distribution of these clades is such that they are now completely absent (NT clade) or very limited (NCS clade) in North America (Fig. 1) . In addition, all the North American species of the NCS clade (T. slossonae, T. quaesitum, and T. desolatum) are also distributed in Mexico, suggesting their more northerly distribution is the result of a more recent event. These results suggest that Trichadenotecnum experienced mass extinction in North America, probably during the glaciation periods after the Miocene, including the Last Glacial Maxima (Wolfe, 1994; Zachos et al., 2001; Micheels et al., 2007) . Judging from high diversity of the NCS clade in Central America (Yoshizawa et al., 2008) , this area likely acted as a refugium during the glaciation periods, and more northerly refugia (e.g., Walker et al., 2009; Roberts & Hamann, 2015) were probably not suitable for the survival of Trichadenotecnum. Palearctic Trichadenotecnum also probably experienced mass extinction during periods of glaciation, because the species richness of the genus in this region (except for the Sino-Japanese region sensu Holt et al., 2013 ) is low, especially in Europe. However, there are some highly diverged European species (e.g., T. sexpunctatum distributed in Europe including mountainous regions and T. germanicum distributed in Europe to Mongolia north to Finland: Fig. 3 ), suggesting that European refugia (e.g., Petit et al., 2003) were suitable for these Trichadenotecnum species to survive during periods of glaciation.
As discussed above, both NT and NCS clades began diversifying in the New World during the Neogene, and the origin of the NT clade is older than that of the NCS clade.
However, the distributional range and species richness of the two clades are significantly different; species of the NCS clade are widely distributed and highly diverse in Central America, whereas the diversity of the NT clade is low and its distribution is mostly restricted to South America (Fig. 1) The alexanderae group seems to have a completely different biogeographical history than the NT and NCS clades. Species of this group are distributed in eastern Asia to the Nearctic (Fig. 1) , and they likely dispersed across Beringia (Fig. 4) . The divergence date between two alexanderae clades was estimated as 0.9 MYA (Fig. 3) , but this estimated date is much younger than the assumed formation date of the Bering Strait (3.1-4.1 MYA:
Marincovich Jr & Gladenkov, 1999) . A biogeographical analysis of blue butterflies also showed that the butterflies migrated to the New World via Beringia multiple times after formation of the Bering Strait (ca. 2.4, 1.1 and 1.0 MYA: Vila et al., 2011) : the latter two datings are close to the divergence time of two alexanderae clades (Fig. 3) . Furthermore, each alexanderae clade contains both Japanese and North American populations, which clearly shows the existence of much more recent transcontinental dispersal events (or even ongoing gene flow). A human assisted introduction is also a possibility, especially for explaining the transcontinental occurrence of the genetically homogeneous populations.
However, both clades include populations from different continents so that, if this is a result of human assisted introduction, two-way introductions would have to have occurred. Further population genetic study of the alexanderae group should clarify these patterns.
In summary, the distributional pattern of Trichadenotecnum is consistent with classical explanations for the formation of the Arcto-Tertiary relict biota. Three to four independent dispersal events between the Palearctic and Nearctic regions and two dispersal events crossing the Isthmus of Panama were identified. Most of the dispersal events can be explained by the presence of land bridges, but over-water dispersals were also implicated after the formation of Bering Strait (around 3.1-4.1 MYA) or before formation of the Isthmus of Panama (before ca. 3 MYA). These may indicate trans-oceanic dispersals of the barklice, which is known to occur (e.g. to oceanic islands). However, the existence of land bridges during younger/older ages than generally assumed is also possible. In particular, the age of the Isthmus of Panama has recently been controversial, and Trichadenotecnum could be a potential example for the older formation hypotheses. (2008) and Yoshizawa et al. (2016) for the other samples. -indicates missing character.
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